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Abstract

The paper presents the seismic vulnerability assessment of a historical masonry clock tower by means of the finite element method.
The mechanical behavior and failure mechanism of these structures must be well understood in order to evaluate their performance
and select an appropriate retrofit approach when needed. Stone towers, which sometimes have complex geometries and irregularities
and are often designed for vertical loads, are vulnerable to lateral loads, especially earthquake loads, due to the slenderness of the
tower and the limited ductility of the stone. This study aims to determine the horizontal load capacity of a magnificent clock tower
by investigating its structural behavior using the finite element method. The analyzes carried out considering the seismicity of the
region showed that the clock tower would be severely damaged or completely collapsed in case of an earthquake with an exceedance
probability of 10% in 50 years. In non-linear time history analyses, the maximum base shear force to weight ratio was calculated
as 0.27. The maximum drift ratio at the top of the clock tower reveals that the tower exceeds the collapse prevention performance
level. The residual displacements obtained from non-linear time history analysis prove that plastic deformations occur on the tower

body. In the light of this data, it is considered that the clock tower needs to be retrofitted with acceptable restoration procedures

against possible earthquakes in the region.
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1 Introduction

Clock towers are not only among the important carriers
of cultural heritage but are undoubtedly one of the most
remarkable structures of all cities, modern and ancient.
The tradition of clock towers began in Europe in the 13%
century and spread to the Ottoman Empire in the late 16"
century [1]. The first clock tower in Anatolia was built
in Safranbolu in 1797 [2]. Even though some of them in
Anatolia were built in a dominant place of the city or on
a hill, clock towers, which are structures representing
the central authority, were mostly built in the city cen-
ter. There are clock towers in a building complex as well
as those that are part of a building. In addition, there are
clock towers that were created by adding a clock to an
old factory chimney or a minaret. Although most clock
towers are made of stone, there are also towers made of
wood. In terms of functionality, in addition to displaying
the time, there are clock towers used as fire and observa-
tory towers, and clock towers displaying barometer and

thermometer. Although there are many clock towers in
Turkey today, the number of towers with remarkable fea-
tures is one hundred and twenty-six [2]. The city with the
most clock towers is Istanbul with twenty towers, followed
by Izmir with seven towers [2].

Masonry is one of the most commonly used construction
techniques in historic buildings of many countries around
the world [3]. Among all the historic buildings that charac-
terize the world's architectural heritage, ancient masonry
towers are widespread throughout Europe and represent
one of the most important elements of local cultural her-
itage [4, 5]. The protection of historic masonry buildings
from seismic impacts is crucial and strategic in many
earthquake-prone countries. It should be noted that Turkey
is a country with an extensive, ancient, and significant built
heritage and unfortunately has a high seismic risk. Towers
made of stone, sometimes with complex geometries and
irregularities, often designed to resist vertical loads, can
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be considered vulnerable to lateral loads, especially earth-
quakes, due to the slenderness of the tower and the limited
ductility of the stone [6, 7].

It is well known that a large proportion of historic
masonry buildings in the world are in regions of high
earthquake risk. Therefore, it can be readily said that most
of them are vulnerable and unsafe against earthquakes [8].
Although the structural analysis of historic buildings,
including the evaluation of seismic behavior and seismic
damage, is a challenging topic, such analyzes are of great
interest to many researchers and engineers. Since the most
effective way to preserve historic buildings is to accurately
understand their structural behavior, important studies
on this topic have been completed, especially in recent
years [9—17]. Given their slenderness, esthetics, and sym-
bolic value, it is undeniable that masonry towers attract
special attention in research and engineering among all
masonry structures. Shehu [18] focused on pushover anal-
ysis of masonry towers as a widely used approach in seis-
mic assessment of all structures. The study, which inves-
tigated the influence of geometry, material properties, and
loading patterns, addressed various approaches that can
be used to design a nonlinear static analysis in any FEM
software package. Azzara et al. [9] investigated the con-
dition and damage scenario of the historic masonry bell
tower adjacent to the Monza Cathedral using vibration
testing. The effect of the construction technique on the
seismic capacity of the old dry joint masonry was investi-
gated by Pulatsu et al. [19] using discrete element method
(DEM). de Silva [13] studied the influence of soil-foun-
dation structure (SFS) interaction of different masonry
towers placed on stiff to soft soil to resist earthquakes.
Shehu [20] investigated three inclined historic masonry
towers in the city of Ferrara (Northeast Italy) under seis-
mic loads using advanced numerical models to evaluate
seismic vulnerability. Bartoli et al. [11] investigated the
role of openings along the facade of the towers in estimat-
ing the main frequency. Valente and Milani [21] studied
the effects of geometric features on the seismic response
of historic masonry towers as a continuation of two other
papers [22, 23] by the same authors that focused on the
seismic vulnerability assessment of masonry towers.

These types of magnificent structures must be well pro-
tected against devastating earthquakes. This study aims
to determine the horizontal load capacity of a magnifi-
cent clock tower by pre-monitoring its structural behavior
using the finite element method to protect it from possible
earthquake damage.

2 Structural features

The Tokat Clock Tower, whose construction was com-
pleted in 1902, is located south of the Behzat Mosque in
the Behzat district, known as the old city centre. The 33 m
high tower is made of cut stone and has a muvakkithane (in
Turkish). Muvvakkithane, in the past, was the place where
prayer times were determined with various instruments
and observations. The cornices on the body of the tower,
an octagonal structure that tapers upwards from the square
base, divide the structure into five floors. The tower, vis-
ible from almost any point in the city during the years of
its construction and even today, has huge clocks on the
top floor that point in all four directions. In 1917, the dials
of these clocks were replaced and modernized. The main
entrance to the building is through an arched iron door on
the south side. There is a shop currently used as a clock
repair shop on the west side of the tower. No structural
damage was noted during on-site observations. An old
photograph of the clock tower dating back to the 1900s
and a current one are shown in Fig. 1.

The technical drawings of the clock tower, whose
restoration project was completed in 2019, are by Seka
Architecture [24]. The base, which includes the shop, is
5.8 m high and measures 5.6 X 5.6 m square in plan. The
staircase starts right next to the entrance on the south
facade. The width of the staircase, which is supported by
the exterior walls and a 20 cm thick hollow core with an
external diameter of 2 m in the center, is 0.7 m. The stair-
case, which consists of 106 monolithic stone steps, rises
0.22 m for each step. The core around which, the tower
staircase spirals, continues to the balcony with the same
dimensions. The floor plan at +0.00 m and elevation of the
tower can be seen in Fig. 2.

Fig. 1 Photos of the clock tower (a) Current photo, (b) An old photo [24]
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Fig. 2 Base plan and the elevation [24]

The tower consists of 4 separate octagonal sections ris-
ing above a square base. The dimensions of the octagons
in the plan gradually decrease, creating a highly aesthetic
form throughout the tower elevation. The side lengths
of the octagons vary between 1.5 and 2 m. Subtle archi-
tectural elements have been used to soften the transition
between the octagonal blocks of varying sizes. The plan
view at +9.00 m and the wall section of the tower are shown
in Fig. 3. There are 5 asymmetrically arranged openings of
different shapes and sizes in the tower body. In the octago-
nal body where the clocks are located, there are 4 symmet-
rically designed openings and a door to the balcony.

3 Structural analyses

Structural assessment and intervention procedures for
historic structures are of great importance to protecting
them against earthquake damages. The non-linear finite

p B

TIIR[T 1
1
CTTI IO 1]
L
(a) (b)

Fig. 3 +9.00 m plan and section view of the tower (a) Plan view at +9.00
m, (b) Wall section [24]

Sozen
Period. Polytech. Civ. Eng., 66(2), pp. 491-501, 2022 | 493

element method offers engineers the possibility of evalu-
ating historic buildings in detail before they are damaged.
For this purpose, various numerical analysis methods are
used by researchers to evaluate historic buildings [25].

3.1 Finite element model

Due to uncertainties such as boundary conditions, previ-
ous deformations, material properties, and material degra-
dation, numerical analyzes of historic structures are diffi-
cult and the results may not be necessarily conclusive. The
software used for the analysis should be sufficiently qual-
ified to model and solve considering the above uncertain-
ties and all details of the structure. In this study, the aca-
demic finite element software ANSYS [26] was used for
the analyzes. The finite element and SolidWorks [27] mod-
els of the tower are shown in Fig. 4. The foundation of the
tower was not included in the numerical model because
no information was available about it and there was no
research opportunity. Since the fixed base approach is
widely used in the numerical analysis of masonry towers
[20, 28-31], in this study fixed support was assumed at the
bottom of the base, including the store. While the entire
body is modeled as a homogeneous material, the thin
architectural elements that form the transition between the
octagonal blocks are not included in the model. The finite
element model consists of 77360 solid elements (Solid187)
and 127861 nodes. Solid187, which is a higher-order 3-D,
10-node element and well suited to modeling irregular
meshes, was used in the model. The element which has
plasticity, hyper elasticity, creep, stress stiffening, large
deflection, and large strain capabilities, is defined by 10
nodes having three degrees of freedom at each node [26].

(@) (b) ©
Fig. 4 Solid models of the tower (a) SolidWorks model, (b) Section of
the tower, (c) Finite element model
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3.2 Material characteristics
Details such as the fact that historic buildings have been
exposed to abrasive environmental conditions for many
years, the deterioration of building materials, different
mechanical properties of different stone samples even
though they come from the same quarry, make it diffi-
cult to determine the mechanical properties of materials
used in historic buildings. According to the information
provided by Tokat Municipality, no study has been con-
ducted to determine the material properties of the build-
ing. Since it is not allowed to take core samples to deter-
mine the material properties of the stone used in the tower,
the non-destructive testing method and material properties
reported in the literature were used for the material model
of the analyzes. To determine the compressive strength of
the cut stone used in the tower, N-type Schmidt hammer,
a non-destructive testing device, was used. The impact
energies of N-type Schmit hammers are 2.207 Nm and they
can be used for the determination of compressive strength
between 10 and 80 MPa, according to the manual of the
testing device. The rebound numbers and average hard-
ness values obtained, and the corresponding compressive
strength are shown in Table 1. Accordingly, the average
strength of the cut stone was determined to be 31.67 MPa.
Material properties of dry joint masonry walls such as
compressive strength and elastic modulus can be deter-
mined in analogy to jointed rock masses using the empirical
equations as proposed by Tsoutrelis and Exadaktylos [32].
One of the studies in which this approach was used was
successfully concluded by Demir and Ilki [33].

/= |:e(70.3||7xl_x_/):|xﬁ) 1)

L= {{xhn) @

L is the effective length given by Eq. (2), where /, &
and ¢ represent the width, height, and thickness of the wall,
respectively. In Eq. (1), f,, f,, and frepresent the combined

Table 1 Schmidt hammer results

Rebound (higa) Rebound (hi?a) Rebound (hjg@
30 28 44 48 28 25
40 42 32 31 42 45
28 25 30 28 34 33
26 23 26 23 32 31
34 33 38 39 30 28
24 20 28 25 32 31
30 28 30 28 26 23

Mean 31.67 +4.99

compressive strength of the wall, the compressive strength
of the stone, and the crack density, respectively. The crack
intensity factor (f) and the effective length (L) are calculated
using the wall segment of the north facade given in Fig. 5.

_ 4.75x1.38x1.01+3x2.62x1.01
1.01x1.38x2.62

L=31.01x1.38x2.62 =1.54

i =3.99m* /| m’

£ = 6(70.31 17x1.54x3.99) 31.67 = 4.52 MPa

The compressive strength of the wall is calculated as
4.52 MPa by means of Eq. (1). The elastic modulus is defi-
ned as 3390 MPa using the suggested formula in Turkish
Building Earthquake Code (TBDY2018 [34]). The suggested
formula is given in Eq. (3) below.

E, =750x f; 3)

Furthermore, the tensile strength of masonry can be
ranged between 5 and 20% of its compressive strength [15].
In this study, the tensile strength of the stone was taken to
be 0.3 MPa.

The material model used was the Willam-Warnke
five-parameter model (f, f, f,, 0,% f,, f,), in which the
failure surface of the material is formed using the tensile and
compressive strengths [35]. In the model f, 1, £, 0,% f, and
/, represents the ultimate uniaxial tensile strength, ultimate
uniaxial compressive strength, ultimate biaxial compressive
strength, ambient hydrostatic stress state, ultimate compres-
sive strength for a state of biaxial compression superim-
posed on hydrostatic stress state ., ultimate compressive
strength for a state of uniaxial compression superimposed
on hydrostatic stress state ¢,%, respectively. However, the
failure surface can be specified with a minimum of two con-
stants, f,and f,, while the other three constants are by default
f,=12f,f,=145f, f,= 1.725 f, [26, 35]. In most cases
the hydrostatic stress is limited to %/Z . The uniaxial stress-
strain state of the material model is given in Fig. 6.
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Fig. 5 Wall segment of north facade of the base (dimensions in cm)
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Fig. 6 Uniaxial stress state of the material model

3.3 Non-linear static analysis

The material and geometric non-linearity were taken into
account in the static analysis. The total weight of the clock
tower is 7020 kN. The equivalent von-Mises stress and
total deformation gradients of the tower are given in Fig. 7.
The opening on the south side of the first octagonal block
on the square base was subjected to a maximum stress of
0.71 MPa at its edges near the outer surface. Stress concen-
trations are observed at the junction between the square
base and the octagonal body. The tower experienced a total
deformation of 1.6 mm at the body above the balcony. It is
considered that the tower does not pose any risk under ver-
tical loads as expected.

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm
Time: 1
Custom
Max: 1,6
Min: 0

A: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stry
Unit MPa
Time: 1
Custom
Max: 0,71
Min: 0,00043

0,71

@ (b)
Fig. 7 Stress and deformation distribution under gravity load (a) Von
Mises stress (MPa), (b) Total deformation (mm)
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3.4 Modal analysis

Modal analysis is the common dynamic simulation for
many other dynamic analyzes and shows how the structure
will respond to different types of dynamic loading. Since
the frequencies and mode shapes depend on the distribution
of mass and stiffness in the structure, a pre-stressed modal
analysis based on the non-linear static analysis was per-
formed in the study. The vibration mode shapes of the first
eight modes, which contribute more to the effective mass
participation ratios, are shown in Fig. 8. The first and third
vibration modes have translational characteristics in the
x-direction with a frequency of 2.58 and 8.33 Hz, respec-
tively. Also, the second and the fourth vibration modes have
translational properties in the z-direction with a frequency
of 2.65 and 8.47 Hz, respectively. Since the tower has
a symmetrical body shape except for the shop extension at
the bottom, the translational vibration characteristics in the
x- and z-directions are close to each other. The first mode
shape, the fundamental vibration mode, is a translational

© ) (8 (h)
Fig. 8 Vibration mode shapes and frequencies (a) 2.58 Hz, (b) 2.65 Hz,

() 8.33 Hz, (d) 8.47 Hz, (¢) 11.42 Hz, (f) 15.86 Hz, (g) 16.13 Hz,
(h) 16.48 Hz
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mode shape in the x-direction (N-S) formed by the combi-
nation of slight participation in the z-direction (E-W) and
vice versa for the second mode shape. The fifth mode shape
is under the influence of torsion. The modal participation
exceeds 90% in the first 15 modes.

3.5 Seismic data for analysis
Tokat lies on the east-west trending North Anatolian Fault
Zone (NAFZ), one of the riskiest faults in Anatolia, which
extends between Mus in the east and Sakarya in the west
for a distance of 1150 km. The North Anatolian Fault,
which has produced very strong earthquakes in history,
is a strike-slip active fault. Since 1900, seven earthquakes
with magnitudes of 5 and above occurred in Tokat and its
vicinity (Fig. 9). In 1916 and 1942, two earthquakes with
a magnitude greater than 7 occurred [36]. Unfortunately,
there are no acceleration records for these earthquakes.
For the area where the tower was built, the peak ground
acceleration for the 475-year return period is given as
0.316 g, according to the Earthquake Hazard Map of Turkey
prepared by the Disaster and Emergency Management
Presidency (AFAD) [37]. According to the geotechni-
cal investigations conducted in the region, the site of
the structure was identified as medium compact sand or
gravel, which corresponds to class ZD in TBDY2018 [34].
The seismic intensity map of the zone is shown in Fig. 10.
The portion of the NAFZ between Erzincan and Niksar
moved during the 1939 earthquake (Surface wave magni-
tude Ms = 7.9), creating a 340 km long surface fault [37].

uakyurt

iom 3/@3<M<a/@a<m<s/ @5 <=m<c/ @6<=u<1/ @m>=7
AL A %

Fig. 9 Earthquakes M > 5 in Tokat and its surroundings [36]

Fig. 10 Seismic intensity map of the region [37]

Acceleration records of the Erzincan earthquake
(Moment magnitude Mw = 6.6, depth 22.6 km, Peak ground
acceleration PGA = 479.57 cm/s? (0.489 g), site classifi-
cation B, epicentral distance 12.83 km), which occurred
in 1992, were used for time history analysis. Since the
ground motion bi-directionally affects the building, the
N-S (North-South) and E-W (East-West) components of
the earthquake records were used. First, the original accel-
erograms were scaled to the design spectrum considering
the earthquake risk and local ground conditions at the
building site and then used for the analyses [34]. The orig-
inal and scaled accelerograms of the Erzincan earthquake
are given in Fig. 11. The elastic design spectrum which
corresponds to the ground motion level of the earthquake
with an exceedance probability of 10% in 50 years (return
period of 475 years) and the scaled spectra are shown in
Fig. 12. In the time history analyses performed in a non-
linear manner, the proportional viscous damping ratio for
stiffness was included as 5%.

3.6 Non-linear dynamic analysis

The dynamic base shear force-apex displacement curve
of the tower is given in Fig. 13(a). By idealizing this
curve, the lateral load capacity and lateral yield displace-
ment of the structure were determined to be approx-
imately 1873 kN and 12.80 mm, respectively. The ratio
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Fig. 11 The accelerograms of the Erzincan earthquake (a) East-West
component, (b) North-South component
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Fig. 13 Base shear and displacement curves (a) Base shear displacement

curve, (b) Displacement time curve

of maximum base shear force to weight was calculated to
be 0.27 (V/W = 1873.25/7020 = 0.27). The study confirm-
ing this result was concluded by Brandonisio et al. [38].
In their study of churches damaged in the 2009 L’Aquila
earthquake in Italy, the base shear coefficient (the ratio of
base shear to the weight of the building) was found to vary
between 20% and 30%. Considering the spectral accelera-
tion of 0.9 g given in Fig. 12, and the base shear to weight
ratio it can be concluded that the structure will be dam-
aged under the earthquake load. It can also be seen from
the displacement time curves in Fig. 13(b) that the lateral
yield displacement is about 13 mm.

The displacement distributions obtained from the
dynamic analysis are shown in Fig. 14. In Fig. 14, values
above 13 mm, which is the lateral yield displacement point,
are shown in the same color to better observe the time-de-
pendent change in displacements. From the onset of ground
motion to 2.5 seconds, the displacements remain within
elastic limits except for the top of the tower. The maximum
displacement in the structure at 2.5 seconds was calculated
to be 14 mm at the top of the tower. Once this time limit is
exceeded, it is seen that the displacements in the structure
exceed the critical values in a short time. At 2.65 seconds,
the entire body above the balcony level has been exceeded
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Type: Total Deformation

Unit mm Unit mm

Time: 2,5 Time: 2,65
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Max: 14 Max: 22
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Type: Total Deformation

C: Transient Structural
Total Deformation:t=2,65 s
Type: Total Deformation
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C: Transient Structural
Total Deformation:t=4 s
Type: Total Deformation

Unit mm Unit mm

Time: 3 Time: 4

Max: 129,64 Custom

Min: 0 Max: 193,91
Min: 0

193,91
13

© @
Fig. 14 Displacement distribution (a) t=2.5s, (b) t=2.65 s, (c)t=3's,
d)t=4s

the lateral yield displacement due to the plastic deforma-
tions. It is concluded that all octagonal bodies on the square
base are severely damaged in the first 4 seconds of ground
motion. Furthermore, it can be stated that masonry struc-
tures behave rigidly until their strength is exceeded, and
cracks and damage develop rapidly after the strength is
exceeded. The maximum lateral displacement at the top
of the clock tower was calculated to be 194.63 mm. This
lateral displacement corresponds to a drift ratio of 0.59%
[(194.63/33000) x 100 = 0.59%).

The path of the horizontal displacement of node 9458
which is a node above balcony level and the time history
trace of the same node along x and z-directions are given
in Fig. 15. When examining Fig. 15(a), it can be concluded
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Fig. 15 Horizontal displacement characteristics of node 9458 (a) Path of the horizontal movement, (b) Time history trace, (c) Node 9458

that the magnitudes of the oscillations in the x and z-di-
rections reach about 120 and 190 mm, respectively. It can
also be seen from the same figure that the reference origin
for displacements changes with a rotation about the ver-
tical axis after the elastic limit is exceeded. In Fig. 15(b),
when the time history trace of the same point is examined
in the x and z-directions, it is seen that residual displace-
ments due to plastic deformation occur in both directions.
Node 9458 in the numeric model can be seen in Fig. 15(c).

The plastic deformation distribution at the end of the
ground motion can be seen in Fig. 16. It is seen that plas-
tic deformations are concentrated between the square base
and the first octagonal body, and in the transition sections
between each octagonal body. Moreover, plastic deforma-
tions appear to propagate upwards on the first octagonal
body. In addition, plastic deformations were also deter-
mined in the parts of the square base close to the fixed
support. It can be seen from Fig. 16 that plastic deforma-
tions are more limited in the bodies above the balcony
level. Considering the plastic deformations revealed by the
square base and the octagonal body just above it, it is con-
cluded that the clock tower could be severely damaged or
completely collapsed in an earthquake of this magnitude.

4 Conclusions

This study addresses the issue of determining the lateral
load capacity of a monumental masonry clock tower sub-
jected to earthquake load using non-linear dynamic anal-
ysis. For this purpose, the detailed procedure of seismic
assessment is presented sequentially in the study. The
assessment procedure consists of finite element model,
material characterization, linear and non-linear static, and

dynamic structural analyzes. The seismicity of the region
is discussed in detail before the non-linear dynamic anal-
ysis. The combined compressive strength of the wall was
determined in analogy to jointed rock masses, using the
empirical equations in which the effective compressive
strength of the stone and the crack density on the wall
were employed. In the non-linear static analysis, the struc-
ture was evaluated through stresses and displacements,
and risk situations were discussed for gravity loads. The
total displacement and equivalent von-Mises stress in the
tower under gravity loads were calculated as 1.6 mm and
0.71 MPa, respectively. The calculated stress and displace-
ment values reveal that the tower does not pose any risk

C: Transient Structural
Equivalent Plastic Strain

Type: Equivalent Plastic Strain
Unit mm/mm
Time: 12
Custom

Max: 0,0859
Min: 0

0,0859
0,0183
0,0167
0,00114
0,000963
0,000785
0,000607
0,000429
0,000251
0,000232
0,000213
0,000194
0,000174

I 0,000155
0

Fig. 16 Plastic deformations



under vertical loads as expected. Although different stress
results have been reported in the static analyzes of the
studies in the literature, almost none of the masonry tow-
ers are at risk under gravity loads.

The modal analysis is the common dynamic simulation
for many other dynamic simulations, and it gives engi-
neers how the structure will respond to different types of
dynamic loads. The vibrational properties of the tower such
as natural frequencies and mode shapes were determined
and discussed by modal analysis. Fundamental vibra-
tion frequencies and corresponding periods for the x and
z-directions were calculated as 2.58 and 2.65 Hz, 0.39 s,
and 0.38 s, respectively. While in the analysis of masonry
towers, which are similar in height and plan dimensions,
using macro modeling technique and fixed base approach,
natural vibration frequencies are reported close to these
values [14, 39].

Finally, the non-linear time history analysis was per-
formed in which the scaled ground motion is applied bi-di-
rectionally. Accordingly, the maximum base shear force to
weight ratio was calculated as 0.27. Considering this ratio,
it is concluded that the structure will suffer severe damage
in an earthquake with a 10% probability of exceedance in
50 years, which is called design earthquake. The design
earthquake predicts that the structure will be subjected
to a spectral acceleration of 0.9g. In addition, the max-
imum lateral displacement corresponding to the 0.59%
drift ratio supports this inference. At this point, it should
be noted that the FEM A356 [40] standard specifies a 0.4%
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